INTRODUCTION
Eukaryotic protein often exists as multi-gene products to perform their specialized tasks in entire organismal context. Those isomers are differentially used in different tissues, cells, cell compartments or growth conditions. The expression of those isomers derives from different cell-specific patterns of gene expression in combination with regulated protein compartmentalization and stability. As a result, isomers localized in different cellular compartments play differential physiological roles to maintain the functional and structural integrity of organisms. Therefore, it is crucial to identify protein isomers and to investigate their physical, biochemical, and molecular biological properties, in order to understand how these isomers function in entire organisms.
Reactive oxygen species (ROS) are continuously produced as normal metabolic byproducts, especially through electron leaks from electron transport system in mitochondria (Grant and Hirsh, 1999) . ROS are required for normal biological functions such as development, cell differentiation and proliferation. However, excessive ROS can interfere with them by damaging various biomolecules including protein, nucleic acid, and lipid. To maintain optimum level of ROS, various ROS scavenging systems are present in the cells. The thioredoxin (Trx) system is one of hydrogen peroxide scavenging systems which has a wide range of cellular functions as a major reducing system required for nucleic acid synthesis and redox regulation as well as antioxidant defense (Mustacich and Powis, 2000) . Trx is oxidized converting hydrogen peroxide to water, and then recycled by thioredoxin reductase (TrxR) that is a member of the flavoprotein family of pyridine nucleotide-disulfide oxidoreductases (Snider et al., 2010) .
TrxR is evolutionarily well conserved from bacteria to human. In most eukaryotes, TrxR exists as a homodimeric protein in which each high Mr 55 kDa monomer contains an FAD prosthetic group, that captures electrons from NADPH and transfer them to a redox-active disulfide in the N-terminal CVNVGC active site. The dithiol of the reduced CVNVGC active site is oxidized by another subunit's C-terminal redox active motif of the tetrapeptide X-Cys 1 -Cys 2 -X (X is usually Gly or Ser) where Cys 1 and Cys 2 form a rare vicinal disulfide bond during catalytic cycle (Kanzok et al., 2000) . The Cys 2 in many TrxRs in mammalian and multicellular eukaryotes is replaced with selenocystein (Sec, U in one-letter code), an analog of cysteine with substitution of sulfur for selenium. Due to the higher nucleophilicity with a low pKa of selenium than sulfur, Sec is inherently highly reactive and holds superior redox properties. Bacteria, plants, archea and most unicellular eukaryotes have a non-selenoprotein TrxR with approximate molecular weight of 35 (Arner, 2009) . TrxR contains the native catalytic activity to reduce not only Trx, but also a wide variety of substrates including disulfide-containing natural proteins, such as NK-lysin , glutaredoxin 2 , TRP32 (Johnson et al., 1999) , protein disulfide isomerase (PDI) (Gromer et al., 1998) and granulysin (Akamatsu et al., 1997) , and several low molecular weight compounds, such as lipoic acid (Sies, 1993) and quinones (Larsen, 1993) . However, the various TrxR-catalyzed reduction functions in cellular context is widely unknown.
The Trx system has a large number of functions in many biological systems by interacting with a variety of molecular targets (Han et al., 2006) . Trx generates redox active cysteine residue in ribonucleotide reductase, the rate limiting enzyme in deoxyribonucleotide synthesis (Jee et al., 2005) . The Trx system plays a critical role in cell cycle arrest and redox signaling by controlling the activity of many transcription factors such as NF-kB, p53, Ref-1, HIFa, PTEN, AP-1 and glucocorticoid receptor, etc. It regulates glucose metabolism by interacting with thioredoxin interacting protein (TXNIP), a glucose uptake regulator, and apoptosis by inactivating apoptosis signal-regulating kinase (ASK1). It also has been reported to regulate the survival of phagocytosis and culmination of the slime mold Dictyostelium discoideum by modulating of vacuolar H + -ATPase activity (Jeong et al., 2006) . The broad range of functions of the Trx system reflects the fact that the redox system exists in all living organisms and has a long history of evolution and suggests that it is highly likely to emerge various other physiological functions in all living kingdoms.
In bacteria and low eukaryotes such as fungi, only one TrxR gene exists. However, in higher organisms including human, there are two major ubiquitous TrxRs: predominantly cytosolic TrxR1 and mitochondrial TrxR2. Both enzymes reduce their own counterpart Trx residing in cytoplasm and mitochondria, respectively. The studies of knockout mice showed that both TrxR1 and TrxR2 are essential for mammalian embryonic development, although the phenotypes of the knockout mice were strikingly different. In addition to the early embryonic lethality, deletion of TrxR1 in mice resulted in severe growth retardation and lack of primitive mesoderm formation, but was dispensable for cardiac development (Brenner, 1974; Radyuk et al., 2010) . In contrast, deletion of TrxR2 gave insufficient proliferation of cardiomyocytes, severely impaired hematopoiesis, increased apoptosis in the liver, as well as enhanced sensitivity to oxidative stress in embryonically derived TrxR2-deficient fibroblasts (Koon and Kubiseski, 2010) . Neuronal and glial precursorstargeted knockout of TrxR1 caused severe cerebellar developmental defects whereas the knockout of TrxR2 did not appear affected (Oka and Futai, 2000) . Interestingly, these phenotypes of TrxR1(-/-) and TrxR2(-/-) knockout mice are clearly different from those of Trx1(-/-) and Trx2(-/-) mice. Trx1 knockout mice died shortly after implantation, clearly exhibiting worse phenotype of early embryonic lethality than the mice with deletion either of TrxR1 or TrxR2 (Mello and Fire, 1995) . Trx2-deficient mice were not able to continue to develop beyond embryonic day 12.5, displaying massive apoptosis and disclosure of anterior neural tube (Ishii et al., 1990) . Therefore, these cytosolic vs. mitochondrial TrxRs play physiologically different roles which involve cell-or tissue-type specific pathway that includes mechanisms independent of their ability to reduce Trx. However, the early lethality of the mammalian models makes it difficult to further analyze the differential functions of cytosolic and mitochondrial TrxRs in intact organismal context.
In this study, we investigate the functions of the two isomeric TrxRs using Caerahnobditis elegans, a simple but powerful genetic model. Blast search revealed that there are two TrxRs in C. elegans: trxr-1 and trxr-2. Both proteins share high similarity with their mammalian orthologs (Supplementary Figs. S2A and S3A) . NADPH binding domain and dimerization domain are also conserved in the worm thioredoxin reductases. trxr-1 is predicted to be the only seleno-cysteine containing protein in C. elegans (Buettner et al., 1999; Gladyshev et al., 1999; Taskov et al., 2005) . According to the MitoProt II analysis, trxr-2 sequence contains predicted mitochondrial localizing sequence as expected (Arner and Holmgren, 2000; Lacey and Hondal, 2006) . In the free-living soil nematode, trxr-1, the cytosolic TrxR, is required for the acidification of lysosomal compartments, whereas trxr-2, the mitochondrial TrxR, is critical for normal ageing and development under stress conditions. Interestingly, the gene expression of both trxr-1 and trxr-2 was induced by heat shock, which produces the reactive oxygen species. These results suggest that trxr-1 and trxr-2 have different physiological roles in organismal context by discrete subcellular and tissue expression, and differential gene regulation in C. elegans.
MATERIALS AND METHODS
C. elegans strains, genotyping and maintaining Worm breeding and handling were conducted as described (Brenner, 1974) . Nematodes were grown on OP50 bacterial lawn on NGM agar at 20°C. All the strains used in the study were backcrossed six times to Bristol N2 wild type. Bristol N2, daf-2(e1370)III, and daf-16(m26)I were obtained from the Caenorhabditis Genetics Center (CGC) at the University of Minnesota. trxr-1(jh143)IV was isolated in the laboratory, as descrybed previously (Park et al., 2001) . Screening of mutants from the mutagenized library was performed by nested PCR as described (Barstead, 1999b) . trxr-1(jh143) that bears a 1439 bp deletion covering the second and third exons and partial of the fourth exon from TMP/UV-mutagenized worm library (Fig. S2B) . The deletion and the precise location of the deleted region of both trxr mutants were confirmed by cloning and sequencing of PCR products amplified from the deletion alleles. trxr-2(tm 2047)III was obtained from National Bioresource Project Japan (NBP-Japan). A 507 bp region covering the entire first exon and a part of the second exon was deleted in tm2047 allele (Fig.  S3B) . To genotype the trxr-1or trxr-2 mutant, the first round PCR was performed using the 1 st set of primers for each gene (Table S1 ). Then, the second round PCR was performed using the first round PCR products as templates with the 2 nd set of primers spanning deleted region. To confirm the homozygote mutant, Inner primer was designed inside the deletion region paired with the FWD 2 nd primer. Homozygous trxr-1(jh143) or trxr-2(tm2047) mutant was confirmed by a shorter band from the nested PCR, and the absence of a PCR product from the internal PCR ( Fig. S2C and S3C ). Rabbit polyclonal antibody raised against recombinant TRXR-1 detected double bands migrating at approximately 70 kDa in wild type worm lysates, but neither protein band with corresponding size nor transcript was detected in jh143 (Fig. S2D ) or tm2047 (Fig. S3D ), thus confirming that the deletion mutant was functionally null.
Constructs of C. elegans TrxRs
In order to generate a transcriptional ptrxr-1::gfp construct, 0.7 kb promoter was amplified from genomic DNA and subcloned to pPD95.77 at PstI and BamHI sites. To generate a translational ptrxr-1::trxr-1::gfp, 0.7 kb promoter and 4.7 kb full length genome of trxr-1 were amplified using genomic DNA as a template, and then the fragments were cloned into pPD95.77 at BamHI and PstI sites. In case of trxr-2 transcriptional constructs, both 1.5 kb external (EX) promoter of the operon containing trxr-2 and 0.3 kb internal (IN) promoter were amplified separately using ZK632 as a template, and then subcloned into pPD95.77 at SalI/BamHI, and HindIII/SalI, respectively. To generate a translational pEX::trxr-2::gfp, 2.9 kb full length genomic sequence was amplified and subcloned into the pEX::gfp at SalI and BamHI. To generate a translational pIN::trxr-2::gfp, the 2.9 kb full length genomic sequence with the 0.3 kb internal promoter was amplified using cosmid ZK637 as a template, and then, the amplified region was subcloned into BamHI and SalI sites of pPD95.77. In order to generate the ptrxr-1::trxr-1 s, 0.5 kb additional 3'UTR region with the full length genomic sequence of trxr-1 was amplified and subcloned into pPD95.77. All the primers used in this study are listed in Supplementary  Table S1 and the descriptive cartoon of all the constructs was shown in Supplementary Figs . S1A and S1B.
GFP expression analysis
All the constructs were transformed into wild type worms to observe the expression. Microinjection was done as previously described (Mello and Fire, 1995) . All GFP fusion constructs were co-injected with pRF4 selection marker at a concentration of 100 ng/μl into the N2 wild type worms to obtain transgenic progenies. Transgenic worms expressing green fluorescence were immobilized with 25 mM sodium azide and fluorescent images were captured with epi-fluorescent microscope (Zeiss Axio Imager microscope). To stain mitochondria in adult worms, L4 stage worms were transferred to NGM plates with bacterial lawn containing Mitotracker Red (Molecular Probes, 2 μg/ml) and incubated in the dark at 20°C for 12 h. They were then transferred to new bacteria-seeded NGM plates to clean off excess of dye. After 10 to 20 min, they were mounted on a slide overlaid with 2% agar and fluorescent images were captured with Olympus confocal microscope (Olympus, Japan). Images were obtained and intensity of fluorescence was measured using AxioVision software (Kim et al., 2011) .
Life span analysis
Life span was performed at 20 and 25°C, as previously described (Kenyon et al., 1993) . Briefly, L4 animals cultured from synchronized eggs isolated from bleached gravid hermaphrodites were placed in NGM plates in groups of 20 animals per plate. Animals were transferred to fresh plates daily until they stopped progeny production, and then continued to be transferred every other day, but the number of survived animals was monitored daily. Animals which did not respond to gentle touching and stopped pharyngeal pumping were determined as dead. Animals that crawled off the plate or died due to internal hatching or extruded gonad were statistically censored. Survival assay was repeated twice at 20°C and three times at 25°C (Supplementary Table S2 ). Kaplan-Meier survival curve analysis and the Mantel-Cox log-rank test were done with Oasis software (Jeong et al., 2006) .
Paraquat assay
Paraquat (1,1′-dimethyl-4,4′-bipyridinium dichloride) assay was performed as previously described with slight modification (Ishii et al., 1990) . Synchronized young adult worms were incubated in 1 × PBS buffer containing 40 mM paraquat for 24 h, and then the number of dead worms was scored. Synchronized eggs were placed on the seeded NGM plates covered with paraquat to final concentration of 0.1 mM, and then cultured at 20°C. Proportion of adult worms to total was scored on the fifth day of treatment. Data were collected from four independent experiments using at least one hundred animals for each genotype.
Acridine orange staining Acridine orange staining was slightly modified from a previously described method (Oka and Futai, 2000) . Adult worms were incubated for 30 min in staining buffer (40 mM acridine orange and 1% dimethyl sulfoxide) in the presence or absence of 25 mM bafilomycin A1 (Sigma). After washing with phosphate buffer three times, animals were mounted on agar pad and images were obtained. Intensity of fluorescence was measured and quantified using AxioVision software (Lambers Heerspink et al., 2009 ).
Measurement of hydrogen peroxide
Worms cultured for 3 days at 20°C after hatch were collected and homogenized in PBST (1× PBS/0.1% Tween20). The 100 ul of 1× PBST containing 60 intact worms or 100 μl of worm extract were mixed with 100 μl 100 mM 2,7-dichlorodihydrofluorescein diacetate (H 2 DCF-DA, Invitrogen), and incubated for 120 min at room temperature. Fluorescence was measured every 20 min at 485 nm of excitation and 530 nm of emission with SpectraMax M2 fluorometer (Molecular Devices), and then the RFU was normalized with protein concentration.
Stress and qRT-PCR
To stress worms, translational transgenic worms were incubated at 30°C for 8 to 16 h, or treated with 0.1 mM or 2 mM paraquat for 8 h. Worms were harvested and mRNA was extracted, and then reverse transcription was carried out using Sensiscript RT Kit (QUIAGEN) and Oligo (dT) 12-18 primer (Invitrogen) to synthesize the cDNA. Real time PCR was done by using SYBR ® Premix Ex Taq (Perfect Real Time) (Takara) and Thermal Cycler Dice ® Real Time System Takara. The results were quality-controlled by confirming single peak of the dissociation curve of the PCR products and sequencing them.
RESULTS
TRXR-1 is a cytoplasmic protein whereas TRXR-2 is located in mitochondria In order to examine the expression pattern of TRXRs, we constructed plasmids expressing only GFP or GFP fusion of TRXRs driven by their own promoters, and generated the transgenic worms by injecting the plasmids into wild-type young adult worms and isolating transformed progenies showing roller phenotype and GFP fluorescence. In case of trxr-2 which is present in an operon including two additional genes of unc-32 and tpx-1, we constructed two transcriptional and translational expression plasmids driven by either external operon promoter (pEX) or internal promoter (pIN) adjacent to the coding region of trxr-2, because internal promoters also can drive gene expression (Meder et al., 2011) . A transcriptional GFP expression construct driven by trxr-1 promoter was expressed only in M2 (Figs. 1A  and 1B) . The expression level of translational TRXR-1::gfp was especially high in intestine, vulva and pharynx (Figs. 1C and  1D) . A transcriptional construct with the internal trxr-2 promoter was mostly expressed in intestine (Figs. 1E and 1F) , while the one with the external trxr-2 promoter, identical to the unc-32 promoter, was expressed in head neurons, nerve cord, and vulva as previously shown (Figs. 1I and 1J) (Barstead, 1999a; Pujol et al., 2001 ). TRXR-2::gfp was prominent in intestine when driven by internal trxr-2 promoter (Figs. 1G and 1H) , and in muscles by external promoter (Figs. 1K~1N) . Obviously, we observed punctate and sometimes elongated pattern of TRXR-2::gfp expression which often indicates particular sub-cellular organelle localization (Figs. 1I and 1L ). Considering the predicted mitochondrial localizing motif found in trxr-2, we tested whether those puncta of TRXR-2::gfp are present in mitochondria. Mitotracker staining was well co-localized with the punctuated expression of trxr-2, demonstrating that TRXR-2 is mitochondrial protein as predicted (Figs. 1M and 1N ).
Brood size of trxr-2(tm2047);trxr-1(jh143) double mutants was reduced Both cytosolic and mitochondrial thioredoxin reductases have been shown to be essential for viability in mammalian systems, but the nematodal deletion mutants, trxr-1(jh143) and trxr-2 (tm2047), seemed to be normal in terms of viability at the standardized culture condition. In order to see whether either of the gene is required for normal nematodal reproduction, we measured the brood sizes of the mutants and the double mutant of both genes, trxr-2(tm2047);trxr-1(jh143). The brood sizes of the single mutants were not changed at both 20 and 25°C, whereas the double mutant showed reduced brood size at 25°C (Table 1). This result suggests that trxr-1 and trxr-2 be redundantly involved in either fertility or early development.
Life span of trxr-2(tm2047) was reduced, when cultured at 25°C Oxidative stress has been widely accepted as one of the major causes for aging process, and the thioredoxin system plays a pivotal role to scavenge hydrogen peroxide, a type of ROS that can damage biomacromolecules, such as nucleic acid, protein, and lipid. The previous study reported that trx-1(jh127) mutant, that has a deletion in the gene coding thioredoxin, a primary substrate of TrxR, lived shorter than wild type animals (Jee et al., 2005 ). Therefore, we tested whether TRXRs also play roles in the maintenance of normal longevity, as postulated, by comparing the life span of trxr mutants to that of wild-type animals. The life spans of both trxr mutants and of the double mutants trxr-2(tm2047);trxr-1(jh143) were not different from that of wildtype at 20°C (Supplementary Fig. 2A and Table S2 ). However, at 25°C, the condition usually generating more ROS, not trxr-1(jh143), but trxr-2(tm2047) lived shorter than wild type, and the double mutants trxr-2(tm2047);trxr-1(jh143) showed similarly reduced life span to trxr-2(tm2047) (Fig. 2B , Table 2 ). We also examined the pharyngeal pumping rate as the worms aged, because the pumping reduces as the worms senesce. trxr-2 (tm2047) and trxr-2(tm2047);trxr-1(jh143) showed the descending tendency of the pumping rate, although they were not statistically significant ( Supplementary Fig. S4 ). Altogether, these data suggest that there is no cumulative effect on aging A B data of individual experiments are shown in Supplementary Table S2 .
A B Fig. 2 . Longevity of thioredoxin reductase mutants. (A) Life span analy-sis at 20°C. There was no change in longevity between wild type and thioredoxin reductases mutants. (B) trxr-2(tm2047) and trxr-1(jh143);trxr-2(tm2047) worms lived shorter than wild type at 25°C (Mantel-Cox logrank test, p-values < 0.0001).
One representative data out of three independent experiments is shown, and the Survived worms were scored, after they were incubated in 40 mM paraquat for 24 h. Data were collected from four independent experiments using at least one hundred animals for each genotype (*t-test, p-value < 0.0001). (B) Percentage of adulthood was measured five days after the treatment with 0.1 mM paraquat. (n = 4, t-test, *p-value < 0.0001, **p-value > 0.0001).
Thioredoxin Reductases in Caenorhabditis elegans
Weixun Li et al. Fig. 4 . Acridine orange uptake assay. Reduced dye uptake in trxr-1(jh143) (B) was rescued by expressing either selenocystein-or cysteincontaining TRXR-1. DIC and fluorescence images of acridine orange were shown for N2 (A), trxr-1(jh143) (B), trxr-1(jh143) [trxr-1sec] (C), trxr-1(jh143)[trxr-1cys] (D), trx-1(jh127) (E), trx-1(jh127); trxr-1(jh143) (F), trxr-2(tm2047) (G), trxr-2(tm2047); trxr-1(jh143) (H), vha-6RNAi (I), and bafilomycin A (J) treated worms. Intensity of acridine orange fluorescence was quantified (K; n = 20, t-test, *p-value < 0.01, **p-value > 0.01).
process by loss of both TrxRs in C. elegans.
The treatment of paraquat delayed development of trxr-2(tm2047) Because life span of trxr-2(tm2047) is reduced, but not trxr-1(jh143), the different life span of those two mutants may be due to differential sensitivity to oxidative stress. Paraquat stimulates superoxide production in mitochondria by accepting electrons from complex I to oxygen. This superoxide production causes extensive mitochondrial oxidative damage. Therefore, we tested whether those two different trxr mutants show different sensitivity to paraquat. After incubated for 24 h in PBS buffer containing 40 mM paraquat, the survival of both trxr-2 (tm2017) and trxr-2(tm2017);trxr-1(jh143) was significantly reduced, compared to wild type (Fig. 3A) . We examined the developmental rates, because we observed that trxr-2[trxr-2::gfp] transgenic line tends to show worm bag phenotype carrying hatched embryos in uterus, which is not adequate for the rescue of survival. When cultured on NGM plates treated with paraquat, the growth rate of trxr-2(tm2017) was significantly lower than that of wild types, whereas that of trxr-1(jh143) was similar (Fig. 3B) . Development of TRXR-2::gfp rescue line was comparable to wild type, indicating that the delayed development is indeed the result of trxr-2 deficiency. As in the case of life span, the double mutants trxr-2(tm2047);trxr-1(jh143) also showed slower growth rate than wild type.
Dye-uptake into lysosomal compartments is reduced in trxr-1(jh143) TRXRs are promiscuous enzymes capable of reducing a variety of physiological substrates (Mustacich and Powis, 2000) . A study using Dictyostelium has suggested that thioredoxin regulates Vacuolar (H + )-ATPase (V-ATPase) activity by controlling of disulfide bond formation (Jeong et al., 2006) . Acridine orange is a fluorescent dye that accumulates in acidic intracellular compartments, and its uptake in acidic compartments in intestine of C. elegans depends on V-ATPase activity and is blocked by bafilomycin A, a specific inhibitor for V-ATPase. In order to see whether V-ATPase activity was affected by either mutation of TRXRs in worms, we examined acidification of lysosomal compartments in intestine by acridine orange vital staining (Ji et al., 2006; Lee et al., 2010; Li et al., 2010; Oka and Futai, 2000) . The level of acridine orange was significantly dropped in trxr-1(jh143) (Figs. 4A and 4B ). The level of fluorescence was comparable to V-ATPase (vha-6) RNAi-or bafilomycin A-treated worms, indicating that V-ATPase activity in trxr-1 mutant background was interfered (Figs. 4I and 4J) . Interestingly, the vital dye uptake defect in trxr-1(jh143) was reverted by not only selenocystein-containing TRXR-1 (Fig. 4C) , but also cysteincontaining TRXR-1, in which the penultimate amino acid seleno-cysteine in active site is substituted with cysteine (Fig. 4D) . Selenocystein is essential for TRXR-1 to reduce thioredoxin, and the thioredoxin system is crucial for normal nematodal . Gene regulation of trxr-1 and trxr-2 under stress (A) GFP fluorescence in translational trxr-1 and trxr-2 transgenic worms was significantly increased when challenged with heat shock. The paraquat treatment increased the fluorescence in intestine (arrow) and pharynx (arrowhead). (B) Fluorescence intensity of entire worm in (A) was quantified. t-test, *p < 0.001 (C) Endogenous mRNA level in each experimental condition was measured using qRT-PCR, and data from three independent experiments were quantified. t-test, *p < 0.001.
development (Stenvall et al., 2011) . Therefore, we asked whether the reduced V-ATPase activity in trxr-1(jh143) requires thioredoxin system by observing acridine orange uptake in the condition absent of cytoplasmic thioredoxin, TRX-1 (Jee et al., 2005) . The fluorescent level of the vital dye in trx-1 (jh127) was comparable to wild type whereas that in trx-1(jh127);trxr-1(jh143) double mutants was significantly reduced to similar level in trxr-1(jh143) (Figs. 4E and 4F ). In contrast, acridine orange uptake was not affected in trxr-2 (tm2047) and trxr-2(tm2047);trxr-1(jh143) (Figs. 4G and 4H) . Altogether, these results suggest that V-ATPase activity be regulated by cytosolic thioredoxin reductase activity that does not involve TRX-1.
H 2 O 2 production was increased in worm TrxR mutants Trx system is an effective hydrogen peroxide scavenging systems, and malfunction of the system often causes increased level of H 2 O 2 accompanying a variety of physiological defects. To see whether the loss of thioredoxin reductase activity caused the change in the level of hydrogen peroxide, we treated either the intact young adult trxr mutant worms or the trxr mutant extracts with H 2 DCF-DA, the H 2 O 2 indicator, and measured the emitted fluorescence in time course manner, different measuring strategy from the previously reported (Barstead, 1999a) . All the three mutant animals exhibited tendency to show higher fluorescence than wild type, in spite of statistical insignificance (Fig. 5A) . In case of the experiments using cell extracts, both trxr-1 and trxr-2 mutants showed increased fluorescence at the 120 min measuring time point, and the effect was not cumulative in the double mutants, trxr-2;trxr-1, indicating that the level of hydrogen peroxide was comparably increased in those three mutants, when compared to wild type (Fig. 5B ).
Both trxr-1 and trxr-2 are induced by environmental stresses In order to see whether the gene expression of trxr-1 or trxr-2 is regulated by environmental stress, the translational gfp expression transgenic lines were treated with heat shock or paraquat. The GFP fluorescence of TRXR-1:gfp and TRXR-2:gfp fusion proteins were dramatically increased by heat shock (Figs. 6A  and 6B ). Although the total mRNA level was not changed by the treatment of paraquat treatment (Fig. 6C) , the gfp expression is upregulated in some tissues such as intestine and pharynx (arrows and arrowheads in Fig. 6A ). This suggests that the gene expression of TrxR in worms is highly regulated by the environmental stress.
DISCUSSION
Two major ubiquitous TrxRs exist in multi-cellular eukaryotic cells as compartmentalized enzymes; one is cytosolic and the other is mitochondrial. In order to investigate the physiological roles of TrxRs in organismal contexts, we examined trxr-1 and trxr-2 C. elegans mutants in which the genes encoding cytosolic selenoprotein TrxR or mitochondrial one was deleted, respectively. In contrast to mammalian knock-out models of TrxR1 and TrxR2, both of which were embryonic lethal, the counterpart worm mutants, trxr-1(jh143) and trxr-2(tm2047), are viable and their brood size was little changed (Table 1) , thus make it possible to assess the roles of those two major ubiquitous TrxRs in various physiological processes. These two mutants showed obvious different phenotypes in longevity, development, subcellular organelle activity, and gene expression, suggesting that those two TrxR genes have discrete functions in the nematode model system. Mitochondria are major ROS producers in eukaryotes and mitochondrial dysfunction that leads to overproduction of ROS has been postulated as one of the main causes for aging and related diseases (Gromer et al., 2003) . Not trxr-1(jh143), but trxr-2(tm2047) and the double mutants of trxr-2(tm2047);trxr-1 (jh143) showed developmental defect and reduced life span under the environmental oxidative stress or at the high temperature, the conditions that generate excessive ROS. Mitochondria may play a dominant role in aging process and development in worms, and mitochondrial TrxR may contribute to protect mitochondria from the oxidative damage. In those regards, it has been shown that the deficiency of mitochondrial redox enzymes results in the increased sensitivity to the oxidative stress and mitochondrial defects in C. elegans (Kern et al., 2003) . Interestingly, the depletion of trxr-2, but not trx-2 has been reported to aggravate aging-dependent paralysis caused by the muscle-specific expression of human β-amyloid, which forms pathological plaque aggregates in the brain of Alzheimer's disease patients where the oxidative stress is a prominent factor of the disease etiology (Barstead, 1999a) . Therefore, the protective role of trxr-2 for ageing process may involve multiple pathways possibly including Trx system-independent one.
The regulation of TrxR genes seems to be of complexity, contributed by their complicated genomic structure involving overlapping open reading frames and various alternative splicing (reviewed in) (Arner, 2009) . Human TrxR1 gives a rise to a number of different alternative transcripts, which are potentially expressed in a tissue-, cell-, or growth condition-specific manner, and is driven by a promoter showing a typical characteristics of a housekeeping gene, i.e. being TATA-less with transcription driven by Sp1/Sp3 and Oct-1. However, the human TrxR1 promoter also contains Nrf-2-regulated antioxidant responsive element, thus is able to be activated in oxidizing condition such as oxidative stress or electrophilic chemical treatment. On the other hand, the gene regulation of human TrxR2 seems to be more complex, because its open reading frame is overlapped with catechol-O-methyltransferase, encoded in opposite direction from the other DNA strand, in addition to the extensive alternative splicing (Gururajan et al., 2010) . In C. elegans, a single transcript arises from trxr-1 or trxr-2 gene, and trxr-2 is transcribed as a polycistronic transcript arising from an operon (www.wormbase.org). Our gene expression regulation study indicates that the expression of both trxr-1 and trxr-2 are highly induced by heat shock and oxidative stress in a tissuespecific manner. Analysis of promoter region revealed no heat shock response element, but one putative skn-1 (the worm ortholog of Nrf-2) binding site in the promoter of trxr-2 (data not shown). Currently, it is not clear how and why nematodal TrxRs are induced by heat shock. Interestingly, thioredoxin reductase from E. coli has been reported to be capable to serve as a molecular chaperone by interacting to renature denatured proteins (Xu et al., 2010) . TrxRs in worms under heat shock stress may contribute to recovering the damaged macromolecular systems utilizing multiple properties of the reductase enzyme.
The Trx-reducing activity of mammalian TrxR is totally selenium-dependent, which implies that all of the Trx-dependent systems, in fact, are selenium-dependent (Cocheme and Murphy, 2008) . The lower pKa of a selenol and the higher nucleophilicity of a selenolate confers a type of "catalytic advantage" over Cys, when attacked position of thiol-disulfide interchange reaction. Replacement of Sec with Cys in TRXR-1 completely eliminated catalytic activity to reduce thioredoxin (Stenvall et al., 2011) . Interestingly, the same Sec replacement in TRXR-1 as well as selenolate TRXR-1 successfully restored vital-dye staining defect, dependent on V-ATPase activity, which did not require thioredoxin. It has been reported that the activity of V-ATPase is regulated by redox status of its disulfide bonding (Feng and Forgac, 1994) . The enhanced oxidizing power in cytosol due to the increased level of H 2 O 2 in trxr-1 mutants directly or indirectly altered V-ATPase activity through unknown mechanisms. Alternatively, V-ATPase may be a direct substrate for thioredoxin reductase like other previously known substrates including protein disulfide isomerase, glutaredoxin, and glutathione peroxidase. Then, how is the TRXR-1 with Cys substitution possibly able to be catalytic, although it lost the activity for Trx? It has been reported that replacement of Cys for Sec in TrxR still preserves some catalytic activity (Zhong and Holmgren, 2000) . One possible mechanism is that nearby amino acid residues may increase the nucleophilicity of the Cys 2 by lowering its pKa as previously proposed in Drosophila melanogaster TrxR (Williams et al., 2000) . At a physiological pH, most Cys with pKa~8.3 will be found in the protonated and thereby rather inert forms, while Sec would mainly be deprotonated and thus more more prone to engage in chemical reaction (Cocheme and Murphy, 2008) . However, the actual pKa values of Cys present in protein can be significantly lowered by the combined effects of a number of other residues in the protein, depending on the microenvironment of the polypeptide structure. The specific composition of amino acids surrounding the redox active motif in TRXR-1 may contribute to the maintaining of its catalytic activity. The other possible mechanism would lie on the unique eight-membered ring structure consisted of C-terminal redox active motives in a dimer of the high Mr TrxR. The ring structure of the dyad seems to be more critical in Cys-TrxR than Sel-TrxR for the enzymatic activity (Kanzok et al., 2000) . The conformation of TRXR-1 may be compensatory for the Cys substitution for Sel reserving the catalytic activity of the promiscuous enzyme.
Cystein can occur at UGA codon instead of selenocystein at 10 to 50% of the selenocystein levels in mammalian TrxR1 maintained on a diet with normal amounts of selenium and at 50% in liver TR1 of mice maintained on a selenium deficient diet (Xu et al., 2010) . This can be achieved by the synthesis of Cys-tRNA
[Ser]Sec which is catalyzed by selenophosphate synthetase 2 (SPS2) using thiophosphate as a substrate instead of selenophosphate. Therefore, the Cys insertion to TRXR-1 may be mostly compensatory for the regulation of V-ATPase in the condition of selenium deficiency.
Why does trxr-1 have selenoprotein but trxr-2 does not? The lower pKa of a selenol and the higher nucleophilicity of a selenolate contribute to the high reactivity of the enzyme and to the broad substrate specificty, because they provide catalytic advantage over Cys in the attacking position of thiol-disulfide interchange reaction (Bonilla et al., 2008) . The existence of Sec may be an "ancient relic of the anaerobic world", because Se is more sensitive to oxidation than S (Cho et al., 2010) . Seccontaining enzymes are resistant to irreversible inactivation, in part because of the ease with which an oxidized Sec residue in the form of seleninic acid (Sec-SeO 2 ) can be converted back to a selenol in comparison to the very slow chemical conversion of cysteine-sulfinic acid (Cys-SO 2 ) to cysteine thiol (Cys-SH) in a Cys-containing enzyme (Hondal amino acid 2010). Cys-TrxR may provide a more reliable catalytic machinery in mitochondria which is a main source for the ROS in worms, where the broad substrate specificity could be compensated for the stability of the Trx system.
The expression of the two major TrxR isomers, trxr-1 and trxr-2, in C. elegans are compartmentalized in cytoplasm and mitochondria, respectively. The null mutations of the isomers resulted in differential physiological defects in entire organismal context as shown in mammals where more diverse forms of TrxR isomers are employed. The functional compartmentalization of worm TrxRs strongly indicates that different worm cells with different dimension of compartmentalization may have distinctive properties of their redox systems, which in turn supports the cell-specific functions. The study on the expression and regulation patterns of TrxRs in multicellular eukaryotic C. elegans can help understand the roles of the TrxR isoenzymes in humans, as well as hopefully form the basis for improved therapeutic strategies including drug targeting of TrxR in clinical conditions where impaired TrxR function may contribute to the pathogenesis.
Note: Supplementary information is available on the Molecules and Cells website (www.molcells.org).
